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Metabolic control of renal vascular resistance and glomerulotubular
balance. Renal vascular resistance (RVR) and glomerulotubular balance
were examined in isolated rat kidneys perfused at 100 mm Hg with 10
m lactate (L) or 10 m pyruvate (P) or 5 m glucose (G) either alone
or with a mixture of 20 amino acids (13.5 mat, AA); albumin oncotic
pressure 24 1 mm Hg. RVR was L> P> U = AA. Vasodilation by
G and AA was additive. Proximal tubular sodium-cotransport was
evaluated from fractional reabsorption (FR) of phosphate (Pi), U, and
L. FR Pi was 91% in AA, 86% in P, 72% in L, and 67% in U. Combining
AA or P with L or G increased FR Pi to 89 to 90%. FR5 of G and L by
G and L perfused kidneys were 83 and 78%, respectively, and were
increased to 97 to 99% by combining G or L with AA or P. P and AA
also increased FR sodium and FR water when combined with L or G or
when combined with each other. GFR correlated positively with FR
sodium and FR water. AA combined synergistically with L to increase
gluconeogenesis. These results indicate that, compared with pyruvate
or AA, neither glucose nor lactate alone is a good energy source for
proximal tubular reabsorption, that synergistic interactions between
AA or pyruvate and lactate or glucose augment GFR by increasing
proximal tubular reabsorption, and that the vasodilating effects of
glucose and AA are not related directly to their effects on GFR.
Contrôle metabolique des resistances vasculaires rénales et de Ia
balance glomerulo-tubulaire. Les resistances vasculaires rénales (RVR)
et Ia balance glomerulo-tubulaire ont éte examinées dans des reins de
rat isolés perfusés a 100 mm Hg avec 10 mat de lactate (L) ou 10 mat de
pyruvate (P) ou 5 mat de glucose, seuls, ou avec un mélange de 20
acides aminés (13,5 m, AA) et une pression oncotique albuminique de
24 1 mm Hg — RVR Ctait: L > P> G = AA. La vasodilatation par
G et AA était additive. Le sodium-cotransport tubulaire proximal a éte
évalué a partir de la reabsorption fractionnelle (FR) de phosphate (Pi),
U, et L. FR Pi Ctait de 91% avec AA, 86% avec P, 72% avec L, et 67%
avec U. La combinaison de AA ou P avec L ou G a augmenté FR Pi de
89 a 90%. Les FR de G et L par des reins perfusés avec U et L étaient
de 83 et 78%, respectivement, et étaient augmentées de 97 a 99% en
combinant G ou L avec AA ou P. P et AA ont aussi augmentC FR
sodium et FR eau lorsqu'ils étaient combines avec L ou G, on combines
entre eux. GFR était corrélëe positivement a FR sodium et FR eau. AA
se combinait de facon synergique a L pour accroitre la gluconeogenese.
Ces résultats indiquent que par rapport au pyruvate ou aux AA, nile
glucose, nile lactate seuls ne sont une bonne source d'Cnergie pour la
reabsorption tubulaire proximale; que les interactions synergiques entre
AA ou pyruvate et lactate on glucose augmentent GFR en accroissant
la reabsorption tubulaire proximale et que les effets vasodilatateurs du
glucose et des AA ne sont pas directement relies a leurs effets sur GFR.
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It has been known for many years that hyperglycemia is
associated with renal vasodilation [1] and that protein feeding or
amino acid infusions increase both renal blood flow and glomer-
ular filtration rate (GFR) [2]. These observations have gained
significance with the demonstration that chronic glomerular
hyperfiltration due to dietary factors may contribute to glomer-
ular senescence and destruction [3].
We do not know how diet modifies renal function; it could be
indirectly through circulating hormones or directly through the
action of metabolites on the kidney. Direct effects of metabo-
lites have been examined using isolated perfused kidneys [4—7].
However, perfused kidneys do not autoregulate well, therefore
GFR and sodium reabsorption are linked closely to perfusion
pressure. Sensitivity of the perfused kidney to perfusion pres-
sure creates interpretive difficulties because, in studies reported
to date, renal artery pressure was either not controlled or was
regulated somewhere between 85 and 120 mm Hg. Conse-
quently, fractional sodium excretion, GFR, and renal vascular
resistance cannot be compared from one set of experiments to
another.
In the following experiments rat kidneys were perfused with
constant oncotic and renal arterial hydrostatic pressure so that
we could compare the effects of lactate, pyruvate, glucose, and
amino acids [8] on renal metabolism, vascular resistance, GFR,
and tubular function. Proximal tubular reabsorption was esti-
mated from the fractional reabsorption rates of inorganic phos-
phate (Pi), lactate, pyruvate, and glucose. We identified sub-
strate specific and synergistic effects on renovascular resistance
(RVR), glomerular filtration rate (GFR), and proximal tubular
reabsorption. The results suggest that metabolic substrates
influence the setting of glomerular-tubular balance.
Methods
Male Wistar rats weighing 280 to 350 g were starved for 18 to
24 hr but allowed free access to water. Under pentobarbital
anesthesia (60 mg/kg i.p.) the right kidney was prepared for
perfusion as previously described [9, 10]. The kidneys were
perfused at 37.5°C and 100 mm Hg pressure with a salt solution
containing bovine serum albumin [oncotic pressure 24 mm
Hg (4100 Colloid Osmometer, Wescor Corp., Logan, Utah,
USA)]. The albumin (Miles Laboratory, Elkhart, Indiana,
USA, fraction V reagent grade) was dialyzed for 48 hr against a
solution containing in mM: NaC1 117, NaHCO3 25, KH2PO4 2.3,
KC1 3.5, MgSO4 0.5, and CaC12 1.2. The perfusate was made by
diluting the dialyzed albumin with a similar salt solution except
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Table 1. Amino acid concentration in perfusate before and after 70
mm of perfusiona
Before
After
AA Lactate Pyruvate Glucose
Aspartate 0.20 0 0.04 0.1 0.03
Threonine 0.53 0.70 0.52 0.65 0.40
Serine 1.00 1.65 1.30 0.42 0.97
Asparagine 0.20 0.27 0.27 0.29 0.26
Glutamine 2.00 1.67 1.88 1.92 1.59
Proline 0.31 NM NM NM 0.3
Glutamate 0.50 0.28 0.37 0.48 0.54
Glycine 2.35 2.16 1.93 2.06 1.13
Alanine 1.44 1.74 1.58 1.93 1.36
Cysteine 0.50 NM NM NM 0.36
Methionine 0.27 0.36 0.31 0.31 0.28
Isoleucine 0.56 0.67 0.55 0.64 0.58
Leucine 0.72 0.93 0.77 0.91 0.72
Tyrosine 0.04 0.05 0.05 0.06 0.13
Phenylalanine 0.27 0.46 0.31 0.36 0.25
Lysine 1.00 1.15 1.45 1.18 1.41
Histidine 0.30 0.26 0.22 0.27 0.27
Arginine 0.56 0.73 0.58 0.64 0.58
Tryptophan 0.08 NM NM NM 0
Valine 0.68 0.80 0.60 0.75 0.60
Abbreviation: NM, not measured.
a Concentrations (mM) before perfusion were calculated from the
quantity of amino acids added to the perfusate. Concentrations after
perfusion for 70 mm were measured with amino acids alone (AA) or AA
pIus 10 mM lactate (lactate), 10 m pyruvate (pyruvate), and 5 mM
glucose (glucose). Values are the means of two samples measured by
HPLC.
that the sodium chloride content was reduced to compensate for
the addition of 10 m Na L-lactate or 10 mi Na-pyruvate. The
solution was gassed with 95% oxygen/5% carbon dioxide in a
water-jacketed glass receptacle. During perfusion the perfusate
pH was 7.42 0.01. To compensate for urinary and metabolic
losses an infusion containing 20 mM KC1, 20 mr'i NaC1, and
either 20 mM Na-lactate or 20 mrt Na-pyruvate was infused into
the perfusate reservoir at 0.076 ml/min during the lactate and
pyruvate experiments, respectively. During glucose perfusions
lactate and pyruvate were omitted from the infusion solution.
Pressure in the renal artery was measured by means of a no.
30 needle inserted through the no. 18 needle used to cannulate
the renal artery. The smaller needle was attached with poly-
ethylene tubing to a pressure transducer. Flow was adjusted to
maintain constant intra-arterial pressure. Flow through the
arterial line was measured with an electromagnetic flow meter
(Carolina Medical Electronics). Clearance of dialyzed tritiated
inulin (New England Nuclear Corp., Boston, Massachusetts,
USA) was used to measure GFR.
The following additions were made to the perfusate: 10 mM
Na L-lactate, 10 mrvi Na-pyruvate, 5 m'vi glucose, or an amino
mixture (AA) [8] (Table 1) made from 7% Aminosyn® with
additional amino acids. The AA mixture was used alone or in
combination with lactate, pyruvate, or glucose. Three perfu-
sions were done with a combination of pyruvate and glucose.
Samples of perfusate were collected at 10-mm intervals begin-
ning at 15 mm and urine was collected at 10-mm intervals
beginning at 20 mm.
Na and K were measured by flame photometry, Pi by the
method of ChandraRajan and Klein [111. Tritiated inulin was
Table 2. Consumption and production of lactate pyruvate and glucose
corrected for urinary losses
Perfusate
Consumption (—) or produc
smo1esmin'g1
tion (+),
Lactate Pyruvate Glucose
AA +0.05 0.02 +0.01 0.01 +0.39 0.05
Lactate
Lactate + AA
—2.0 0.2
—2.8 0.3a
+0.03 0.02
+0.03 0.02
+0.40 0.03
004b
Pyruvate
Pyruvate + AA
+0.77 0.07
+0.89 0.08
—5.4 0.2
—6.1 0.6
+0.96 0.11
+ 1.13 0.12
Glucose
Glucose + AA
+0.34 0.04
+0.32 0.05
+0.02 0.003
+0.03 0.01
—0.15 0.23
+0.24 0.14c
a The significance of the difference between perfusions with and
without amino acids (AA) are noted as ap < 0.01 and bp < 0.001.
Mean sr for cumulative change in perfusate content corrected for
average urine excretion.
measured by scintillation counting in Aquasol (11.5 ml plus 2.5
ml water). Enzymatic methods of analysis were used to mea-
sure lactate, glucose, and pyruvate [12]. In addition, several
samples of perfusate were analyzed for amino acid content by
HPLC (courtesy of Dr. Z. Vergee, Hospital for Sick Children,
Toronto, Ontario, Canada).
Cumulative production and consumption of lactate, pyruv-
ate, and glucose were calculated from the perfusate concentra-
tion and volume at each sampling time. To calculate perfusate
volume the volume removed in urine and perfusate samplings
were added to the volume present at the end of the perfusion.
Results are expressed in terms of kidney wet weight. Because
some kidneys were snap-frozen for measurement of intrarenal
metabolites, we could not express all the results in terms of
kidney weight; however, within each group inulin clearance
correlated with body weight, therefore, the results are cor-
rected for body weight. To make our data comparable with
other published data, we also factored the data by the average
wet kidney weight/g body weight which was 0.0041. Data were
analyzed by ANOVA and unpaired and paired t tests.
Results
Metabolism
Table 1 shows the composition of AA perfusates before and
after 70 mm of kidney perfusion. During perfusion with AA
alone, aspartate, glutamine, glutamate, and glycine were con-
sumed. The pattern was similar during perfusion with lactate
plus AA. However, glutamate consumption was reduced during
perfusion with AA plus pyruvate or glucose and glutamine
consumption was reduced during perfusion with pyruvate. It is
interesting to note that pyruvate-perfused kidneys consumed
serine while AA and lactate plus AA perfused kidneys produced
serine.
Lactate, pyruvate, and AA perfused kidneys produced glu-
cose (Table 2). Gluconeogenesis was slow during the perfusion
period from 15 to 65 mm with lactate or AA alone in the
perfusate but was almost trebled by combining lactate with AA
(P < 0.001). Combining AA with pyruvate did not increase
glucose production significantly.
I '-O.OO1 I
<0.01
I <0.001
- r<O•Ol,r<O•011
-s litmil
Lactate Pyruvate Glucose AA Lactate Pyruvate Glucose
r < 0.01
p <0.001
p <0.005
<0.05
<0.05 p
<0.001 p
<0.001 p
Lactate Pyruvate Glucose PA Lactate Pyruvate Glucose
(13) (8) (10) (6) + + +
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Fig. 1. Effects of perfusate composition on renal vascular resistance
(below) andfiltration fraction (above). The bars represent results (mean
5EM) for the periods from 30 to 40 and from 60 to 70 mm after the
beginning of perfusion. Statistical analysis was done by ANOVA.
Combining AA with glucose did not alter lactate or pyruvate
production, but the low rate of net glucose consumption was
changed to net glucose production (P < 0.05).
Renal vascular resistance
Renal vascular resistance decreased rapidly during the first 15
to 25 mm of perfusion then remained constant or decreased
slightly over the remainder of the 70-mm perfusion (Fig. I). In
experiments with single substrates, glucose vasodilated more
than lactate. Further, vasodilation was superimposed by adding
AA to the perfusate so that, in experiments with combined
substrates, glucose + AA vasodilated more than lactate + AA.
Glomerular filtration rate
In experiments with single substrates pyruvate produced the
highest inulin clearance (Fig. 2). Furthermore, inulin clearance
remained elevated during pyruvate perfusions but decreased
during lactate, glucose, and AA perfusions. Combining AA with
the other substrates increased and stabilized inulin clearance at
a level similar to that observed in vivo (Fig. 2). However,
because of the differences in renal vascular resistance, filtration
fraction for glucose + AA was less than for lactate + AA
perfused kidneys (Fig. 1).
Fig. 2. Effects of perfusate composition on inulin clearance. Bars
represent the results (mean sEM) for the periods 30 to 40 and 60 to 70
mm after the beginning of perfusion.
Table 3. Reabsorption of glucose, lactate, and pyruvatea
Perfusate N
Percent reabsorbed/Iconce
perfusate mMl
ntration in
Lactate Pyruvate Glucose
AA (6) 99/10.11 89 6/10.031 97 l/0.2
Lactate
Lactate + AA
(13)
(12)
78 2/19.01
97 1/18.31
82 2/10.21
98 0/10.41
92 2/10.21
100 0/10.71
Pyruvate
Pyruvate AA
(8)
(8)
91 1/10.31
92 1/10.51
96 1/17.61
98 1/17.21
97 1/10.51
100 0/10.71
Glucose
Glucose + AA
(10)
(10)
58 6/0.21
94 1/0.371
77 5/0.03
94 2/0.04
83 2/5.1
99 0/5.7
a The values are the means SE for the period from 30—40 mm of
perfusion; (N) refers to the number of experiments.
Na-cotransport
Na-cotransport driven reabsorption in the proximal tubule
can be estimated from the handling of glucose, lactate, and
pyruvate (Table 3). In experiments using single substrates or
AA alone there were striking differences between pyruvate and
AA on the one hand and glucose and lactate on the other.
Reabsorption of glucose, lactate, and pyruvate was low in
glucose and lactate-perfused kidneys (Table 3). This defect was
not seen during perfusion with pyruvate or AA. Combination of
AA with glucose or lactate increased reabsorption of glucose,
lactate, and pyruvate to almost 100%. Combination of AA with
pyruvate produced insignificant changes in reabsorption of
lactate, pyruvate, and glucose since reabsorption was virtually
complete during perfusion with pyruvate alone.
Inorganic phosphate (Pi) reabsorption responded to perfusate
composition, as did glucose and lactate reabsorption. In perfu-
sions with glucose and lactate alone, Pi reabsorption was low,
while in perfusions with pyruvate or AA, Pi reabsorption was
much greater (Fig. 3). Combining AA with lactate or glucose
increased Pi fractional reabsorption, even though filtered load
of Pi was also increased. Combining AA with pyruvate did not
alter Pi fractional reabsorption from that seen with pyruvate
alone, although filtered load was increased.
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These results suggest that pyruvate but not glucose or lactate
supports proximal tubular reabsorption. To test this conclusion,
we perfused three kidneys with a mixture of 5 m glucose and
10 mM pyruvate. This combination of substrates produced renal
function similar to that seen with pyruvate alone, including high
rates of glucose and Pi reabsorption (Table 4). Thus, adding 5
m glucose to pyruvate did not impair Pi, glucose, and sodium
reabsorption.
Free water production
Distal tubular function was estimated from the production of
free water (Fig. 4). The perfusate contained no antidiuretic
hormone. In experiments with single substrates, free water
production increased with glucose and slightly with pyruvate
and AA but not with lactate. Combining AA with lactate or
Inulin clearance
Fractional excretion
Pi
mlmin'g1 Na % Glucose
0.81 0.13 4.7 2.6 10.5 1.7 1.7 0.6
pyruvate did not significantly alter free water formation as a
percentage of inulin clearance. But fractional and absolute free
water formation was reduced when AA and glucose were
combined (P < 0.01).
Fractional water and sodium reabsorption
Discussion
These experiments reveal substrate specific and synergistic
responses to metabolic substrates in the absence of extrarenal
hormonal or nervous input. We will consider the categories of
effects outlined in Table 5 in sequence.
Gluconeo genesis
It is well known that pyruvate is a better substrate than
lactate for gluconeogenesis in the kidney 113, 141. Conversion of
lactate to glucose requires the transfer of reducing equivalents
into the mitochondria by the malate-aspartate-shuttle [13].
Aspartate or glutamate may be required in the perfusate to
supply substrates for rapid turnover of the malate-aspartate-
shuttle. In confirmation of this explanation we have shown
(Baines, Ho, James, and Drangova, manuscript submitted for
publication) that 5 mt aspartate or glutamate stimulates
gluconeogenesis from lactate to almost the same extent as the
mixture of AA used in the present experiments. Conversion of
pyruvate to glucose does not require the malate-aspartate-
shuttle, which may explain why AA did not increase
gluconeogenesis from pyruvate.
Vasodilation
Vascular resistance in isolated perfused kidneys is low be-
cause the perfusate has a low viscosity and contains no red
blood cells and because vasoconstrictors are not added to the
perfusate. Inadequate oxygen delivery to the outer medulla may
also contribute to vasodilation [151.
Lactate, pyruvate, and glucose may have influenced smooth
muscle tone by their effects on aerobic glycolysis. In smooth
muscle cells, aerobic glycolysis is restricted to the cytoplasm
compartment and linked to ATP production for Na and K
transport across the cell membrane [16]. Extracellular glucose
is the energy source for cytoplasmic ATP production by aerobic
Table 4. Function of kidneys perfused with 10 mrvt pyruvate and 5
mM glucosea
1.0
0,
E
a,
C)C 0.5 -
CD
a,
(C
C
C
0
60 80
Fractional Pi reabsorption, %
Fig. 3. Effects of perfusate composition on fractional inorganic phos-
phate (Pi) reabsorption relative to inulin clearance. Single symbols
indicate perfusates containing only lactate (•) or pyruvate (0) or
glucose (L) or amino acids (AA, D). Compound symbols indicate
combinations of AA with the other substrates.
The values are the mean SE (N = 3) for the period from 30—40 mm
of perfusion.
—' I I I I Water and sodium reabsorption were also influenced by
perfusate composition. In experiments with single substrates,
water and Na reabsorption were least with glucose and most
with pyruvate and AA (Fig. 5). Combining AA with the other
substrates increased fractional water and Na reabsorption in all
cases. Thus, metabolic substrates that supported Na-cotrans-
port also increased GFR, thereby creating a positive correlation
between fractional Na reabsorption and GFR.
10U-
a,
(CC
CD
CD
II)
a,
CD
a'
a,
U-
5
0
—5
Lactate Pyruvate Glucose AA Lactate Pyruvate Glucose
+ + +
AA AA AA
Fig. 4. Effects of perfusate composition on fractional free water
excretion (mean SEM). Bars indicate results for the periods 30 to 40
and 60 to 70 mm after the beginning of perfusion.
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Table 5. Substrate specific and synergistic effects in isolated perfused
rat kidneysa
Effect Substrate specific
Additive or
synergistic
Gluconeogenesis P>> L or AA AA + L = P
Vasodilation AA or G> P > L AA + L or P or U
Na-cotransport P or AA>> L or G P or AA + L or G
Free water G
GFR P>AA>LorG AA+LorPorG
Abbreviations: AA, the mixture of amino acids is considered as a
single substrate for the purposes of this table; L, 10 m lactate; P, 10
mM pyruvate; g, 5 m glucose.
a Substrate specific effects were obtained with only one substrate in
the perfusate. Additive or synergistic effects were obtained when two
substrates were combined.
resistance to perfusate flow. Brezis, Silva, and Epstein [15]
linked the vasodilating action of certain amino acids to in-
creased oxygen consumption by renal tubules. In our experi-
ments AA acted synergistically with lactate, pyruvate, and
glucose to increase energy consumption through sodium reab-
sorption (Fig. 5) and gluconeogenesis (Table 2). Oxygen con-
sumption was also increased (unpublished observations).
Therefore, the vasodilation we observed during perfusion with
the AA mixture may have been similar to that seen by Brezis,
Silva, and Epstein [15]. However, there is a major difference
between their study and ours. They added amino acids after the
kidneys had been perfused without amino acids for some time
and observed vasodilation and increased oxygen consumption
but no increase in GFR or Na reabsorption. We added amino
acids at the beginning of the perfusion and observed vasodila-
tion, increased GFR, and increased Na reabsorption as well as
increased oxygen consumption.
Na-cotransport
100 Pi, glucose, lactate, and pyruvate are reabsorbed by separate
Na co-transport systems driven by the Na-electrochemical
gradient across the brush border of proximal tubular cells
[17—19]. Glucose co-transport is electrogenic; phosphate co-
transport may or may not be electrogenic, but lactate co-
transport is not [18]. The fact that all three substances are
poorly transported by kidneys perfused with lactate or glucose
alone (Fig. 3, Table 3) suggests that the driving force provided
by a transmembrane sodium gradient is somehow diminished in
the proximal tubule and that lactate or glucose are poor
substrates for Na co-transport processes because they are poor
energy sources for Na transport out of the proximal tubular cell.
An alternative explanation for the poor reabsorption of Pi,
glucose, and lactate by lactate or glucose-perfused kidneys is
increased back flux through the paracellular pathway. In this
case, AA and pyruvate might be required to maintain integrity
of the tight junction between proximal tubular cells.
Pyruvate and AA supported much more Pi, lactate, and
glucose reabsorption than either glucose or lactate (Tables 3
and 4, Fig. 3). This capacity to support Na-cotransport reab-
sorption was not lost when AA (Fig. 3, Table 3) or pyruvate
(Table 4) were combined with lactate or glucose. Therefore,
according to the explanations given above, AA and pyruvate
60 80
Fractional water reabsorption, %
100
1.0 -
E
0.5
Ca
aa0
C
C
0—
1.0
'9)
E
g 0.5Ca
aa0
C
C
0
60 80
Fractional sodium reabsorption, %
Fig. S. Effects of perfusate composition on fractional sodium (below)
and water (above) reabsorption compared with the effects on inulin
clearance. Single symbols indicate the results obtained with a single
substrate (•, lactate; 0, pyruvate; A, glucose) or the amino acid
mixture (AA, 0) alone (means saM). Compound symbols indicate
combinations of AA with the other substrates.
glycolysis [16]. Smooth muscle aerobic glycolysis and cytoplas-
mic ATP production were probably lower in the presence of 10
m lactate or 10 mrvi pyruvate without glucose than they were
in the presence of 5 m glucose. Reduced cytoplasmic ATP
production may have partially depolarized the cell and initiated
contractions. Oxidative phosphorylation was not inhibited in
these experiments; therefore, smooth muscle cells retained the
ability to contract [16].
Glucose production in pyruvate-perfused kidneys (Table 2)
may have raised perfusate glucose concentration high enough to
produce more vasodilation than was seen with lactate-perfused
kidneys.
Through an osmotic action the 13 mrs't AA mixture could
reduce smooth muscle and epithelial cell volume and reduce
I I
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either supply energy for Na transport in the proximal tubule or
prevent back flux through the paracellular pathway.
Urine dilution
As we have shown previously [91, glucose is required for the
formation of dilute urine, probably because the collecting
tubule relies upon anaerobic glucose metabolism to maintain
water impermeability [10]. Glucose-perfused kidneys produced
large quantities of dilute urine. Kidneys perfused with glucose
plus AA produced less free water because reabsorption from
the proximal tubule increased and delivery of tubular fluid to
the distal nephron was reduced.
The production of dilute urine by lactate or pyruvate-
perfused kidneys depends on renal glucose production and can
be prevented by inhibiting gluconeogenesis with mercaptopic-
colinic acid [9, 10].
Glomerular filtration rate and glomerular tubular balance
The functional determinants of GFR are: arterial pressure,
arteriolar resistance, glomerular permeability-surface area (Ki),
oncotic pressure, and tubular pressure. Arterial hydrostatic and
oncotic pressures were the same in all experiments. The vari-
ability of filtration fractions shows that renal vascular resistance
was not the most important regulator of GFR in these vasodil-
ated kidneys (Fig. 1). Oncotic pressure was an unimportant
variable because filtration fraction was very low and perfusate
albumin concentration was constant. Preliminary measure-
ments indicate that amino acids increase GFR and proximal
tubular flow without raising hydrostatic pressure in the proxi-
mal tubule or glomerulus (submitted for publication); therefore,
amino acids probably act by simultaneously increasing Kf and
proximal tubular reabsorption.
GFR was lowest in kidneys perfused with lactate or glucose
alone. These kidneys also had the lowest rates of fractional
reabsorption for sodium, water, and substances reabsorbed in
the proximal tubule. AA and pyruvate stimulated proximal
tubular reabsorption and raised GFR (Fig. 5). AA increased
GFR in lactate-perfused kidneys without increasing free water
formation. Therefore, metabolic stimulation of GFR did not
require changes in distal nephron function.
Summary
We have shown separate metabolic influences on renal vas-
cular resistance and GFR, with glucose vasodilating more than
lactate. Furthermore, we have shown synergistic interactions
between AA or pyruvate on the one hand and lactate or glucose
on the other. These metabolites synergistically raise GFR and
stimulate Na-cotransport in the proximal tubule.
Our observations suggest a new way of looking at the in vivo
stimulation of GFR by amino acids and protein feeding [2, 3].
Lindheimer, Lalone, and Levinsky [21] showed that acute
protein feeding increased GFR by 30% and increased FR Na
with little change in Na excretion, even when distal Na reab-
sorption was inhibited with spironolactone. Explanations for
this observation, based on increased GFR as the primary
response, do not fit with what we know about the tubular
response to increased load. FR either decreases or remains
constant when delivery to the proximal tubule is increased [22].
However, an explanation based on increased proximal tubular
reabsorption as a major component of the metabolic response is
consistent with our observations and those of Lindheimer,
Lalone, and Levinsky [21]. Perhaps metabolic stimulation of
proximal tubular reabsorption increases GFR in vivo, not only
by slightly reducing proximal tubular pressure and increasing
Kf, but also by reducing flow to the macula densa and activating
tubuloglomerular feedback. The recent observation that protein
feeding resets the tubuloglomerular feedback relationship [23] is
consistent with this explanation.
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